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Abstract 
SIMS U-Pb analyses show that zircons from breccias from Apollo 14 and 
Apollo 17 have essentially identical age distributions in the range 4350 to 4200 Ma 
but, whereas Apollo 14 zircons additionally show ages from 4200 to 3900 Ma, the 
Apollo 17 samples have no zircons with ages <4200 Ma. The zircon results also show 
an uneven distribution with distinct peaks of magmatic activity. In explaining these 
observations we propose that periodic episodes of KREEP magmatism were generated 
from a primary reservoir of KREEP magma, which contracted over time towards the 
centre of Procellarum KREEP terrane.  
 
Introduction 
One of the most enigmatic features of the geology of the Moon is the presence 
of high concentrations of large ion lithophile elements in clasts from breccias from 
non mare regions. This material, referred to as KREEP (1) from its high levels of K, 
REE and P, also contains relatively high concentrations of other incompatible 
elements including Th, U and Zr. Fragments of rocks with KREEP trace element 
signatures have been identified in samples from all Apollo landing sites (2). The 
presence of phosphate minerals, such as apatite and merrillite (3); zirconium minerals, 
such as zircon (4), zirconolite (5) and badelleyite (6), and rare earth minerals such as 
yttrobetafite (7), are direct expressions of the presence of KREEP. Dickinson and 
Hess (8) concluded that about 9000 ppm of Zr in basaltic melt is required to saturate it 
with zircon at about 1100oC (the saturation concentration increases exponentially with 
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increasing temperature). They estimated that for KREEP basalt 15382 zircon 
saturation would occur after 88% crystallisation just before immiscibility is reached, 
whereas crystallsiation of Ti-basalt 70017, with an initial Zr concentration of 200 
ppm, would have about 2000 ppm of Zr at the onset of immiscibility and an additional 
80% crystallisation would be required to achieve zircon saturation. An important 
implication of their results is that only KREEP rich magma can produce zircon (i.e. 
that there is an intimate link between the original enrichment of a melt in a KREEP 
component and the appearance of zircon in the rock that crystallised from this melt). 
This association of zircon with KREEP in several rock types provides an opportunity 
to place time constraints on KREEP evolution throughout lunar history.  One of the 
most important consequences of this association is that the oldest zircon provides a 
younger age limit for the generation of a late residual melt which concentrated 
incompatible elements, referred to as urKREEP by Warren and Wasson (9), during 
cooling and differentiation of the lunar magma ocean (LMO). 
Whereas in lunar rocks and minerals Rb/Sr, Sm/Nd ratios are generally 
unfavourable for precise age determinations, and these geochronological systems, 
together with K-Ar, are prone to disturbance by thermal events associated with 
impacts, zircon is well known for its stability under high temperature conditions (10). 
The zircon U-Pb system also has the advantage that a number of precise SIMS 
analyses can be made on individual zircon grains to check the internal consistency of 
the ages, thus avoiding possible problems from analysing mineral separates or whole 
rock samples with more than one age. SIMS determined zircon U-Pb ages for lunar 
rocks have been reported by Compston et al. (11), Meyer et al. (4) and Pidgeon et al. 
(12). Meyer et al. (13) comment that zircons formed early in lunar history and have 
survived many impacts and associated thermal events. Thus they give important 
information about the age of plutonic rocks from the original lunar crust. 
The purpose of this contribution is to present new SIMS U-Pb analyses on 
lunar zircons from samples of breccias from the Apollo 14 and 17 landing sites. These 
data represent an overview of our total data set and include analyses of zircons located 
in individual clasts and those that occur as loose grains in the breccia matrix. We 
discuss the distribution of the ages and their implications for the early history of the 
Moon. 
 
Zircon samples and SIMS U-Pb results 
U and Pb isotopes were measured using SHRIMP II at Curtin University of 
Technology (Perth, Western Australia) and CAMECA IMS1270 ion microprobe at 
the Museum of Natural History in Stockholm (Sweden) (14). 
The present zircon samples are from a random collection of 16 thin sections 
from Apollo 14 and 17 breccias and a sawdust sample from Apollo 14 specimen 
14321. The mode of occurrence of the zircons, either as components of breccia clasts 
(18 grains) or as separate xenocrysts in the breccia matrix (46 grains) is briefly 
indicated in Table 1. However, the mode of occurrence of the 15 zircons analysed 
from a sawdust sample from breccia 14321 is uncertain. 60 out of a total number of 
79 analysed zircon grains are from the Apollo 14 landing site. The remaining 19 
grains are from Apollo 17 samples. In the following discussion we assume that 
zircons from the sections and the sawdust sample are approximately representative of 
zircons in the rocks from the two sites. Apollo 14 breccias are generally interpreted to 
represent the Fra Mauro formation, which is considered to be primary Imbrium ejecta 
(e.g. 15), although Haskin et al. (16) and Morrison and Oberbeck (17) argued that this 
formation was derived from local material together with ejecta from the Imbrium 
impact. Impact melt breccias from the Apollo 17 mission have been interpreted as 
reflecting the formation of the Serenitatis basin (e.g. 18). As most analyses are 
concordant within analytical uncertainty (Fig. 1) the distribution of 207Pb/206Pb ages is 
used in discussing the age profiles. When more than one analysis is reported for a 
grain (Table S1), the oldest 207Pb/206Pb age is considered to represent the primary age 
of this grain and is included in histograms and probability plots showing age 
distribution for Apollo 14 and Apollo 17 zircons presented in Figure 2. 
 
Zircon age profiles 
The most striking result of the present study is the comparison between the 
zircon age profiles from the Apollo 14 and Apollo 17 landing sites. Both Apollo 14 
and Apollo 17 zircons have essentially identical age patterns in the age range 4350 – 
4200 Ma but, whereas Apollo 14 zircons also have ages in the range 4200 to 3900 
Ma, the Apollo 17 samples have no zircons with ages < 4200 Ma. 
If real, the absence of zircons with ages younger than 4200 Ma in Apollo 17 
samples has significant implications for KREEP evolution. However, the first 
question to be asked is whether this can be simply a consequence of the sample sizes, 
particularly given the smaller number of Apollo 17 zircon analyses. Sixteen out of 
sixty zircons from analysed Apollo 14 samples have ages younger than 4200 Ma, and 
if it is assumed that the proportion of <4200 Ma grains is the same in rocks from both 
sites at least five zircons of that age would be expected to occur in the 19 analysed 
grains from Apollo 17 rocks. The probability of overlooking these younger grains in 
Apollo 17 samples is a function of n, the number of zircon grains analysed and X, the 
proportion of younger grains in the total population. This probability is given by (1-
X)n = (1-16/60)19=0.0028 or about 0.3% (19). If only grains younger than 4100 Ga are 
considered this probability increases to about 6.5%, which still leaves little doubt that 
the lack of grains younger than 4200 Ma in rocks from the Apollo 17 region is real 
and that the observed age distribution patterns suggest that a significant time 
difference exists in the lateral distribution of KREEP magmatic activity on the Moon. 
 
Zircon age peaks 
 Meyer et al. (4) found that zircon U-Pb ages of lunar granophyres extended 
from 4.32 Ga to 3.88 Ga and suggested that the zircon forming lunar magmatism was 
most active prior to 4.30 Ga and continued until at least 3.88 Ga. However, results 
obtained from the present study show that this continuum of ages is not smooth but 
consists of a number of distinctive age peaks with surrounding troughs (Fig. 2). In the 
Apollo 14 zircon age distribution peaks of KREEP magmatism are recorded at ~4350 
Ma, ~4200 Ma and possibly ~4000 Ma. Only a few ages are younger than 4000 Ma. 
In addition there are age troughs at ~ 4250 Ma and ~4100 Ma. The Apollo 17 
distribution also shows peaks at 4350 Ma and 4200 Ma and a trough at 4250 Ma, but 
has no ages younger than 4200 Ma. Peaks at the above ages are present in lunar 
granophyric zircon ages of Meyer et al (4). The zircon ages are generally interpreted 
as dating magmatic events (e.g. 4) and the interpretation of the zircon age peaks as 
marking periodic episodes of KREEP magmatism has profound implications for 
understanding lunar evolution. However, important concerns are whether the age 
peaks could be influenced by sample selection or whether, despite earlier views, they 
could reflect major resetting events of the zircon U-Pb systems. 
 It is possible the small data set could be biased by including analyses of a 
number of cogenetic zircons from a single igneous clast. However the majority of 
zircons from breccia matrices have a range of ages and U and Th contents and appear 
to be independent grains. Only in a clast in section 14303-49 is it evident that the 
zircons are nearly the same age and are potentially cogenetic. However, it makes no 
significant difference to the age distribution if only one zircon U-Pb analysis, instead 
of the four analysed zircons from this clast, is included in the age distribution 
calculation. 
 Whereas it has been a long held assumption that the lunar zircon ages record 
magmatic crystallisation events it has been demonstrated (12, 20) that zircon grains 
from lunar samples can undergo partial, inhomogeneous, or even complete isotopic 
disturbance, induced by a marginally younger event (or events). Therefore the 
possibility must be considered that some zircon ages represent resetting events in 
response to massive impacts. All analyses presented in Table S1 are clustered near the 
concordia line, which makes it difficult to separate zircons with primary ages from 
grains that have experienced partial Pb-loss. However, the internal homogeneity of 
analysed zircon grains with respect to age, U and Th concentrations and internal 
structure provide a sound basis for distinguishing zircons with primary crystallisation 
ages from those with disturbed U-Pb systems. 
 Twenty seven zircon grains from the Apollo 14 samples and fifteen grains 
from the Apollo 17 samples were large enough to accommodate two or more analyses 
(Table S1). Only seven of these grains, including the complex grain 73235-82 
described by Pidgeon et al. (20), show significant variation of their 207Pb/206Pb ages 
ages. Multiple analyses of most grains with reproducible 207Pb/206Pb ages are also 
homogeneous in U and Th concentration. Our conclusion is that the analysed zircons 
are dominantly magmatic undisturbed grains. A few grains included in the distribution 
have experienced some isotopic disturbance. For these grains the oldest age is taken 
as representing the primary age of the grain. 
The formation of breccias at both landing sites have been attributed to impact 
events at ~ 3900 Ma (Imbrium impact at ~3850 Ma, (21) for the Apollo 14 breccias 
and Serenitatis impact at 3893± 9 Ma (22) for the Apollo 17 breccias). However, only 
a few zircons of this age have been found in the Apollo 14 rocks and no zircons of 
this age have been found in rocks from the Apollo 17 site. This demonstrates that the 
zircon ages have not been “updated” by the major 3900 Ma impacts which have reset 
the Ar-Ar and Rb-Sr systems. The observed zircon age distribution patterns are 
therefore not controlled by the late impact flux but are registering other events in the 
evolution of the lunar crust. 
 
The significance of the zircon ages  
Our present observations can be related to the discovery by the Lunar 
Prospector that the surface abundances of incompatible elements, including Th and 
probably other characteristic KREEP elements, are highly concentrated in a single 
region that encompasses Oceanus Procellarum, Mare Imbrium and the adjoining mare 
and highlands and is referred to as the Procellarum KREEP terrane (23, 24). This 
concentration of Th rich material in a single region of the Moon suggests that the final 
portions of lunar magma ocean accumulated within this region (e.g. 25), rather than 
being distributed as a global layer between the crust and the mantle. The Imbrium 
impact, represented by the Apollo 14 samples is located within the middle part of the 
Procellarum KREEP terrane, but the Serenitatis crater represented by Apollo 17 
samples is situated at the edge of the high Th region (26) (Fig. 3). 
The zircon age distributions suggest that the generation of KREEP magma in 
the region of the Apollo 17 site (Serenitatis impact crater area) ceased at about 4200 
Ma, whereas it continued for another 200 to 300 Ma in the terrain that was the source 
of material sampled by the Apollo 14 mission (Imbrium impact crater area). Previous 
zircon age determinations on Apollo 17 and Apollo 14 zircons are compatible with 
this conclusion. Meyer et al. (4) reported zircon ages of granophyric clasts from 
Apollo 14 rocks down to ~3900 Ma. The few zircons from Apollo 17 samples 
previously measured all have ages in excess of 4200 Ma (11, 20, 27). 
Thermal modelling that assumes high heat production in this area associated 
with the strong enrichment of KREEP in radioactive elements suggests that a molten 
KREEP rich source may have existed in this region for an extended period of time 
(e.g. 28) and supported prolonged magmatic activity. If this view is correct, the lateral 
distribution of zircon ages may reflect shrinking of this source between 4.38 Ga and 
3.90 Ga towards the middle of the Procellarum KREEP terrane. Between 4.38 and 
4.20 Ga the region under the lunar crust where a molten KREEP source was present 
extended beyond the area highlighted by the Th anomaly and included the Apollo 17 
location. However, by 4.20 Ga this region was laterally reduced to the central part of 
the Procellarum KREEP terrane and excluded the area of the Serenitatis impact, as 
indicated by the Apollo 17 zircon age record. 
 
The dynamics of KREEP evolution 
While the present data base is limited we believe that the main features of the 
zircon age distributions in the breccias from the Apollo 14 and 17 landing sites are 
sufficiently well defined to provide an insight into the dynamics of evolution of 
KREEP. In this we propose a history of KREEP magmatism from 4480Ma to 3900Ma 
dominated by pulses of KREEPy magma generation and emplacement at 4350Ma, 
4200Ma and possibly 4000Ma. This magma was generated from a deep source 
reservoir which itself has contracted over time.  
The major peak in the zircon age distribution at ~4350 Ma represents the first 
generation and preservation of zircon on the Moon and the largest KREEP-magma 
forming event. This event was widespread as evidenced by the presence of the 
identical age peak in zircon age distributions for samples from Apollo 14 and Apollo 
17. The significance of this event is debatable. One possibility is that it dates the 
formation of urKREEP as a residual accumulation of incompatible elements from the 
fractional crystallisation of the cooling magma ocean. However, this contradicts the 
W isotope data (29, 30, 31), which has been interpreted as demonstrating ilmenite 
fractionation from the LMO about 60 Ma after the formation of the Solar system (e.g. 
32). These data suggest a very short period of crystallisation of the major volume of 
the LMO, as ilmenite is formed very late in the crystallisation sequence. Residual 
melt enriched in incompatible elements is left after ilmenite crystallisation and it is 
not clear why there is a delay of more than 100 Ma before the first zircon formed at 
~4.38 Ga from this residual melt. 
A second event at ~4200 Ma activated new KREEP magmatism from a now 
significantly contracted primary reservoir of KREEP melt. As a result of this 
contraction the extent of KREEP magma generation was much smaller in the area 
represented by the Apollo 17 samples, whereas in the area represented by Apollo 14 
samples it was equal in magnitude to the 4350 Ma KREEP magma generation event. 
A third event at 4000 Ma resulted in a small magmatic pulse in the Imbrium impact 
area. The relatively small spike in the age distribution suggests that, at this time, the 
region represented by the Apollo 14 site was itself on the outer margin of the 
continually contracting KREEP reservoir. 
The above model explanation for the zircon U-Pb results introduces concepts 
on the timing of lunar KREEP evolution that have not been previously considered. It 
also forms the basis for further speculation on what was the triggering mechanism for 
the KREEP magma pulses. 
Broadly speaking we believe there are two possible mechanisms for the 
triggering episodes of KREEP magmatism. The first possibility is that large impacts 
destabilised the primary KREEP reservoir resulting in spikes of KREEP magmatism. 
This mechanism would be expected to result in random pulses of KREEP magmatism 
possibly with a higher incidence of this magmatism early in lunar history when the 
impact flux was greatest. The expected smoothly declining flux is not in accord with 
the observed timing of KREEP age peaks. In addition there is the striking observation 
from the present results that essentially all the KREEPy rocks excavated by the last 
major impact events at ~3.9 Ga (Imbrium, Serenitatus) are significantly older than 
these impacts. There appears to be little KREEP magma generated by the Imbrium 
impact, although it is possible that KREEP rocks formed as a result of these late 
impacts remain deeply buried or occur elsewhere in the Procellarum KREEP Terrane. 
Other explanations for the periodic production of KREEP-rich rocks, and 
possibly for the contraction of the primary KREEP reservoir, involve endogenic 
processes, and while the nature of the actual mechanisms may not be clear, they are 
evidently linked to the thermal history of the Moon. Recent models that attempt to 
explain the observed asymmetry in the concentration of Th, mare volcanism, the 
thickness of lunar crust etc have been summarised by Shearer et al. (33). One of these 
models (28) describes the thermal evolution of the Procellarum KREEP terrane and 
suggests that the accumulation of KREEP material rich in radioactive elements would 
result in the long term melting of the KREEP source as well as gradual heating of the 
underlying mantle and that Mare volcanism would span most of the Moon’s history. 
This model does not account for the observed zircon age distribution patterns, which 
suggest periodic pulses of KREEP magmatic activity in the area during the first 500 
Ma of lunar history. However, following this model, a possible explanation for our 
results envisages a build-up of radioactive heat in the KREEP reservoir until the 
buoyancy of the KREEP melt exceeded the strength of the overlying rocks resulting 
in a sudden transfer of KREEP magma and heat into the crust. The observed pattern 
of an initial KREEP magma pulse followed by declining magmatism could be 
explained by proposing that the KREEP magmatism represented the transfer of a large 
body of the KREEP magma from the deep reservoir to an independent, intermediate 
reservoir in the crust where the gradual decline in magmatism reflected the cooling of 
this reservoir. At the same time the deep seated reservoir gradually reheated through 
U, Th and K decay, until the process was repeated and a second pulse of magmatism 
results in the transfer of a further generation of KREEP magma into the crust. 
Whereas this model is consistent with our observations other possible models of the 
thermal history of the Procellarum KREEP Terrane could quite well fit the zircon 
data. However, these will need to account for the peaks in KREEP magmatic activity 
at ca 4350Ma, ca 4200Ma and ca 4000 Ma, the significance of the first KREEP 
magma pulse at 4350Ma, the paucity of ca 3850 Ma zircons (and hence KREEP rocks 
of this age) in the 3850±20 Ma Imbrium impact ejecta (21) and the lack of any zircons 
(KREEP rocks) younger than 4200Ma in ejecta of the 3893±9 Ma (22) Serenitatis 
event. 
 
Conclusions 
Our SIMS zircon U-Pb data confirm earlier zircon SIMS results in 
demonstrating that KREEP magmatism occurred on the Moon over a continuous 
period from 4380 to 3900Ma. However, our zircon results also demonstrate that 
whereas this long term igneous record is preserved in zircons from breccias from the 
Apollo 14 site, the record of KREEP magmatism in breccias from the Apollo 17 site 
extends only from 4350 to 4200Ma. In addition, our zircon SIMS measurements show 
that the KREEP magmatic record is irregular, consisting of two or three major 
magmatic episodes which are followed by declining magmatic activity. Whereas the 
study is constrained by the limited data set, possible complexities in the zircon U-Pb 
systems due to impact related resetting, and possible biasing in the sampling, we 
believe the data provide a close approximation to the real pattern of KREEP activity 
on the Moon. In explaining these observations we propose a model of KREEP 
magmatism involving the location of the Apollo landing sites with respect to the 
boundary of the lunar Th anomaly. In particular we suggest that, on the basis of the 
observed age distribution patterns of zircons from Apollo 14 and Apollo 17 samples, 
that the source reservoir for KREEP magmatism was not static but contracted from 
unknown initial margins towards the central part of the Procellarum KREEP terrane. 
Between about 4.4 and 3.9 Ga this reservoir contracted to exclude the area of 
Serenitatis impact, although it is possible that a much reduced molten KREEP source 
existed after 3.9 Ga in the centre of the terrane. 
 The presence of peaks and troughs in the age distribution patterns provide 
constraints on the mechanism responsible for the separation of magma from the 
KREEP reservoir and emplacement of this magma into the overlying crust. One 
possibility is that this separation was triggered by large meteorites that periodically 
impacted the lunar surface. An alternative model is that energy, accumulated within 
the KREEP reservoir as a result of radioactive decay, was periodically released 
through magma emplacement into the overlying crust. Further research on complex 
zircon grains and additional analyses of zircons from breccias from other Apollo sites 
will be needed to resolve these issues. 
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Figure captions 
Figure 1. Concordia diagram showing all zircon analyses made during this study. 
Apollo 17 analyses are shown as blue ellipses and Apollo 14 analyses as red ellipses. 
Figure 2. Age probability distribution plots for the Apollo 14 and Apollo 17 zircon 
grains superimposed on the histogram plots. Where a zircon has been subjected to 
multiple analysers the oldest ages accepted as the ages of the zircons.  
Figure 3. Image of the near side of the Moon obtained by the Galileo mission. Apollo 
14 and Apollo 17 landing sites are indicated by the white dots. The white line 
encloses the area of high Th concentrations (>3.5 ppm Th; Jolliff et al. 2000). 
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Materials and methods 
 Ten sections analysed using ims1270 instrument in Stockholm and six 
analysed using SHRIMPII ion probe in Perth are listed in the table S2. All errors for 
the data obtained in this work are 2-sigma. 
 
IMS 1270 analytical conditions 
The SIMS methodology used at the Nordsim facility closely follows 
previously published analytical descriptions (S1, S2). A molecular oxygen beam (O2-) 
at -13 kV was imaged through an aperture, giving a ca. 6 nA current in an elliptical, 
ca. 20 µm spot. Secondary ions were extracted from the sample at +10 kV and 
admitted, via high magnification transfer optics, to the mass spectrometer operating at 
a mass resolution (M/ΔM) of 5300. Oxygen flooding of the sample chamber was used 
to enhance Pb+ yield. At the start of each analysis, a 2 minute pre-sputter raster over 
25 µm was used to remove the Au coating to minimise surface contamination. This 
was followed by automated centring of the beam in the field aperture, optimisation of 
mass calibration using selected high-intensity peaks of the mono-collection routine 
and optimisation of secondary ion energy in the 60 eV energy window. The peak-
hopping data collection routine consisted of 16 cycles through the mass stations, with 
signals measured on an ion counting electron multiplier with a 44 ns electronically 
gated dead time. Pb/U ratios were calibrated using an empirical correlation between 
Pb+/U+ and UO2+/U+ ratios, normalised to the 1065 Ma Geostandards 91500 zircon 
(S3). For zircon grains located in thin sections, standard measurements from 91500 
mounted in a polished epoxy mount were used; test with another epoxy mount 
showed that there was no significant (> ca. 1.2%) bias on Pb/U ratios as a result of the 
off mount calibration procedure.  
 
SHRIMPII analytical conditions 
The SHRIMP methodology follows analytical procedure described by 
Compston et al. (S4) and Kennedy and de Laeter (S5). The filtered (O2-) beam with 
intensity between 3 and 4 nA was focused on the surface of samples into ca 20 μm 
spot. Secondary ions were passed to the mass spectrometer operating at a mass 
resolution (M/ΔM) of ~5000. Each analysis was preceded by a 3 minute rastering to 
remove the Au coating. The peak-hopping data collection routine consisted of 7 scans 
through the mass stations, with signals measured on an ion counting electron 
multiplier. Pb/U ratios were calibrated using an empirical correlation between Pb+/U+ 
and UO+/U+ ratios, normalised to the 564 Ma Sri-Lankan zircon CZ3 (S6). The 1.5 to 
1.8% error obtained from the multiple analyses of Pb/U ratio in the standard during 
individual SHRIMP sessions was added in quadrature to the errors observed in the 
unknowns. The initial data reduction was done using SQUID AddIn for Microsoft 
Excel (S7) and Isoplot (S8) was applied for further age calculations. 
 
Initial Pb correction 
Initial Pb correction of lunar samples is complicated by the very radiogenic Pb 
compositions of many lunar rocks (e.g. S9, S10) which suggest a substantial loss of Pb 
from the Moon. Meyer et al. (S11) applied a complicated procedure to correct their 
zircon analyses for the initial Pb composition. This procedure assumed that the initial 
Pb is a mixture of Canyon Diabolo troilite Pb and some radiogenic component. The 
mixing equations were solved by considering Th-Pb and U-Pb systems 
simultaneously. 
Most of zircon analyses in the present study have extremely low proportions 
of 204Pb, suggesting a very small contribution of initial Pb. This results in almost 
identical values for initial Pb-corrected and uncorrected ratios in most analysed 
grains. Consequently the results are not sensitive to the choice of the composition for 
the initial Pb. In addition, proportion of 204Pb appears to be consistently high in 
zircons from some thin sections, but not others even when they represent the same 
samples. For example overall proportion of 204Pb in the section 14303-52 appears to 
be significantly higher than in the section 14303-49 (Table S1). This suggests that 
most of non-radiogenic Pb in the analysed zircons is the surface contamination. With 
this assumption all zircon analyses were corrected using Stacey-Kramers (S12) model, 
modern, common Pb compositions. 
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